To thoroughly elucidate how molecular conformation and photophysical properties of conjugated polymers (CPs) are related requires simultaneous probing of both.
C onjugated polymers (CPs) have gained attention as possible materials for next-generation electronic and electro-optical devices. Unfortunately, analysis and control of CP properties are often complicated by polydispersity, morphological diversity, and chemical and physical defects. Understanding how these properties affect CP photophysics on a single molecule level is an important step in understanding how such photophysics could be controlled in more complex environments such as thin films, where both intra-and intermolecular CP contacts are present.
Single molecule studies on isolated CPs have measured fluorescence polarization anisotropy and polarization modulation depth. 1À7 While such measurements provide information about average CP conformation (especially when coupled with simulation), they do not allow simultaneous recording of CP fluorescence intensity transients. Photophysical behavior of a CP is expected to be highly dependent on its conformation and can be characterized in part by following its fluorescence intensity in time. For example, across-chain exciton migration is expected to lead to few emitters and stepwise photobleaching while the less efficient along-chain exciton migration would result in many emitters and continuous photobleaching behavior. 8À12 These behaviors are, in turn, believed to be characteristic of folded and unfolded CP conformations. 4,8À13 To validate this hypothesis, simultaneous measurement of fluorescence intensity transients and extraction of conformation of single CPs is required.
Super-resolution imaging approaches could be used to simultaneously assess molecular conformation and photophysics of conjugated polymers since such approaches can provide subdiffraction limit spatial resolution of multiple emission sites within the diffraction limit and, provided that the appropriate technique is used, allow for time-dependent intensity measurement as well. 14À19 Fluorescence imaging with one-nanometer accuracy (FIONA) has previously been used to precisely identify the centroid position of emission from single CPs. 18, 19 By mapping the centroid position over time using FIONA, molecular conformations of single CPs were traced out. In certain cases, CP conformation was found to be quite extended, and on such molecules sudden jumps in the centroid position were seen. These jumps were often correlated with stepwise transitions in the fluorescence intensity transients. 19 This correlation suggested that shifts of the centroid were the result of changes in number and/or position of emitting site(s).
While these experiments were the first to directly probe molecular conformation while tracking fluorescence intensity, FIONA cannot provide quantitative characterization of a CP's conformation if that CP has multiple simultaneously emitting sites. In this case, the centroid localized through FIONA will report the average position of all such emitting chromophores, with this position weighted by the fluorescence intensity of each emitter. The failure of FIONA to trace out molecular conformation will be exacerbated for molecules with a large number of emitters (as is expected on CPs with extended conformation). To avoid the averaging inherent in FIONA for CPs with multiple simultaneous emitters, single molecule high resolution imaging with photobleaching (SHRImP) 16, 17, 20 or the equivalent techniques of nanometer localized multiple single molecule (NALMS) 21 and bleaching/blinking assisted localization microscopy (BaLM) 22 can be employed. These techniques rely on the stochastic nature of photobleaching and image subtraction to resolve individual emitters within a diffraction-limited spot and thus can be used to spatially resolve individual emitters along a CP experiencing serial emitter photobleaching. A schematic diagram illustrating the SHRImP procedure is shown in Figure 1aÀc .
In this paper, we use a SHRImP algorithm to map out the positions of individual emitters along single poly-(2-methoxy-5-(2 0 -ethylhexyloxy)1,4-phenylenevinylene) (MEH-PPV) molecules exhibiting monotonically decreasing intensity, likely due to serial photobleaching. We also develop a variant of this technique, all-frames SHRImP (afSHRImP), in which all possible image subtractions are performed combinatorially to reduce uncertainty associated with localized emission sites. Using SHRImP and afSHRImP, we estimate the radius of gyration projected onto the sample plane of single MEH-PPV chains immobilized in polystyrene and corroborate correlation between photobleaching behavior and CP conformation.
DATA ANALYSIS
All movies were assessed using both frame-by-frame FIONA and SHRImP. Both types of analyses were performed on movies whose adjacent frames (F) were averaged, resulting in a movie in which each frame (F 0 ) is an average of three images (Figure 1d ). This averaging was performed to mitigate the anticipated noise Each frame image, F, is averaged with adjacent images to produce a second set of frames, F 0 , to mitigate noise. SHRImP is calculated for frame (F 0 ) i with frames (F 0 ) of (iþn) n=3,4,5,6 . If frame pair {i, iþ4} satisfies the fit uncertainty and eccentricity constraints described in the text, all SHRImP combinations for frames depicted in the two red boxes are calculated. The frame pair yielding the minimum fit uncertainty is used to determine the position of an emission site. ARTICLE increase when subtracting images during SHRImP analysis.
Both FIONA and SHRImP analysis require 2D-Gaussian fitting of images. The general 2-D Gaussian function is given by
for which average fit uncertainty and eccentricity are calculated as δr = 1 / 2 (δx þ δy) and e = (1 À (l 2 /L 2 )) 1/2 , where L is the semimajor axis and l is the semiminor axis of the fitted Gaussian. In FIONA, localization accuracy as obtained from various experimental parameters 14 is quite similar to that obtained using Gaussian fit uncertainty as suggested by Selvin et al., 17 and we use that measure of fit uncertainty in this study. In an ideal situation, the 2D Gaussian fit of the centroid associated with a single emitter would have an eccentricity of 0. However, in experiments the fits may not be perfectly symmetric not only because the MEH-PPV molecules may consist of multiple emission sites but also because the images include noise from a variety of sources, and distortions occur due to pixelation, imperfect optical alignment, and orientation effects. 14, 23, 24 We demonstrated that eccentricity is nonzero for single emitters by performing FIONA on single PDI dye molecules (pPDI: N,N 0 -bis(3-phosphonopropyl)-3,4,9,10-perylene dicarboximide) and 3.5 nm diameter CdSeÀZnS coreÀ shell quantum dots, both of which are considered single point-source emitters. In both cases, 2D Gaussian fit eccentricities typically ranged from 0.4 to 0.6. Such eccentricities were also seen for MEH-PPV molecules with multiple single emitters within the diffraction limit. At a typical signal-to-background ratio (SBR) for MEH-PPV molecules in this experiment (SBR ≈ 1.4À2.1), fit uncertainty is approximately 0.07 pixels (∼7 nm). The subtracted images produced for SHRImP analysis have increased uncertainty due to error propagation, with (2) 1/2 δr ≈ 0.10 pixels.
Following frame averaging and frame-by-frame FIONA analysis, SHRImP analysis was then used to localize individual emitters along MEH-PPV molecules as shown schematically in Figure 1 . Images obtained from frame subtractions were retained if the resulting image was fit to a 2D Gaussian with (1) fit uncertainty e 0.10 pixels and (2) eccentricity e 0.55. These values were set empirically and may differ for experimental conditions yielding different SBR. While the original SHRImP algorithm interrogated only time-adjacent frames, 16, 17 the presence of stochastic noise results in particular frames having poorer than average signalto-noise, which in turn would lead to poorer than average images generated through SHRImP subtractions using such frames. As such, the SHRImP algorithm was modified to include not only frame pairs that are time-adjacent but also those in the local time vicinity, as shown schematically in Figure 1 and explored in an example described here. A subtracted image for a pair of frames, {i, iþ3}, is calculated, and its Gaussian fit eccentricity and uncertainty are compared with the constraints. If the frame pair does not satisfy the constraints, SHRImP of the next pair, {i, iþ4}, is calculated. The same procedure is repeated until the pair {i, iþ6} is reached. Because frames iþ1 and iþ2 have constituents in common with frame i, the pairs {i, iþ1} and {i, iþ2} are not included in the SHRImP analysis. If analysis of the last pair within the range defined does not satisfy the constraints, no SHRImP fits are retained for frame i, and the algorithm is repeated for frame iþ1. If any pair of frames {i, iþn} n=3,4,5,6 does yield an image that satisfies the fit constraints, all combinations {i, j} with i = i, iþ1, iþ2, and j = j, jþ1, jþ2 are assessed. If multiple pairs for this frame combination satisfy the constraints, the combination whose result has minimum fit uncertainty is chosen.
RESULTS

A. Example
Stepwise and Continuous Trajectories. Figure 2 illustrates the SHRImP approach depicted schematically in Figure 1 for two example molecules, one with stepwise photobleaching and one with continuous photobleaching. For the molecule depicted in Figure 2a ,b, the first frame pair identified by the 
ARTICLE
SHRImP algorithm described above that satisfies the constraints is frame pair {3,8}. All combinations of frames 3,4,5 with frames 8,9,10 are then assessed, and frame pair {5,10} is chosen because it has the minimum fit uncertainty of the tested pairs. The fit results from that frame pair determine the position of the first emission site, denoted 1 in Figure 2b . Images from this frame pair as well as the SHRImP subtracted image and associated fits are shown in Supporting Information, Figure S1 . Using the same approach, the remaining emission sites are determined. We note that the last emission site, 4 in Figure 2b , is determined by performing FIONA on the final frame identified via SHRImP analysis, as FIONA and SHRImP will return the same result in the presence of a single emitter, and FIONA localization avoids the noise introduced by SHRImP subtraction. In Figure 2a , the paired red arrows indicate the frame pairs identified by the SHRImP data analysis process, and the single green arrow indicates the frame used for FIONA localization of the final emitter. For the molecule depicted in Figure 2a ,b, a total of four emission sites were identified. These emission sites are plotted in Figure 2b as large dots. FIONA localizations for every frame of the averaged movie are shown with small dots for comparison. The root-mean-squared (RMS) distance, ( 1 / N Σ i N |r B i À r B ave | 2 ) 1/2 , of the four emission sites identified via SHRImP was found to be 17.0 ( 13.4 nm. Because each SHRImP fit has 5À7 nm uncertainty, the RMS distance uncertainty is relatively large.
The same SHRImP analysis can also be used to identify emitter locations along molecules with continuous photobleaching behavior, as shown for an example molecule in Figure 2c ,d. Even though such molecules reveal few abrupt changes in intensity, the SHRImP algorithm identifies pairs of frames that, when subtracted, yield images that are well fit and meet the constraints described above. In this molecule, 10 emitters are found (with RMS distance of 30.1 ( 21.9 nm), as shown in Figure 2d .
B. Enhanced Precision of Localization of Emission Sites. Employing SHRImP as described above results in relatively high uncertainty in localization of individual emitters. This is primarily caused by noise that is exacerbated when performing subtractions between frames. In cases where intensity trajectories are stepwise, where undercounting of emitters is not expected, error in localizing emitters can be minimized by statistical averaging through a variant of SHRImP we call allframes SHRImP (afSHRImP).
Here, every pair of frames (F 0 ) in a trajectory is subject to SHRImP subtraction. The 2D Gaussian fits from the resulting images are visualized by plotting their eccentricities in a matrix, as shown in Figure 3a for the molecule depicted in Figure 2a ,b. Low eccentricity areas (depicted in blue and cyan) indicate that the corresponding frame pairs have good SHRImP fits. For example, frame pair {20, 40} has a bad SHRImP fit (e ≈ 0.9, orange) while frame pair {20, 60} has a good SHRImP fit (e ≈ 0.4, blue). Similar 2D matrix plots can be made for fit uncertainties (Supporting Information, Figure S2 ); frames {20,40} and {20,60} have SHRImP fits with uncertainties of ∼200 and 3.9 nm, respectively.
After generating the eccentricity contour map, rather than only considering fit results for adjacent and near-adjacent frames as depicted in Figure 1 , Figure 2a ,b. Crosses are emission sites localized by afSHRImP as described in the text and shown in Supporting Information, Figure S3 . Error bars are smaller than the symbol size. Large hexagonal symbols are emission sites identified by a standard implementation of SHRImP as also shown in Figure 2b , with fit uncertainty represented by the outer circles. The first emitter is shown in navy, the second in blue, the third in green, and the fourth in red. Small dots are frame-by-frame FIONA localizations with colors corresponding to the order of frames from navy to red. Each tick in panel b corresponds to 0.2 pixel separation with 92.5 nm/pixel magnification. ARTICLE trajectories are divided into and inspected by sections. Visual inspection of the contour map reveals color correlations over sets of frames. For example, all combinations of frames 1À6 yield SHRImP subtractions with poor fits (as shown through high eccentricity in Figure 3a ), suggesting that no change in emitter number or position has occurred during this period. This set of frames is then considered a section and denoted S1 in Figure 3a . For frames in S1, an abrupt and persistent color transition to blue in the eccentricity contour map is seen when SHRImP subtractions are performed between frames in this section and frames 7 and higher, indicating that a change in emitter number and/or position has occurred. From visual inspection of square regions with concentrated yellowÀdark brown colors, the trajectory is separated into four sections (S1, S2, S3, and S4 in Figure 3a ) for analysis that allows more precise determination of emitter position than does the SHRImP algorithm already described.
In afSHRImP, the first photobleached emission site is determined by averaging the identified positions of every SHRImP calculation between frames in sections 1 and 2 weighted by their fit uncertainties, and this procedure is repeated for determination of each emission site (Supporting Information, Figure S3 ). The emission sites localized by afSHRImP for the molecule depicted in Figure 2a ,b are shown in Figure 3b with crosses. For comparison, the emission sites identified through the implementation of SHRImP depicted in Figure 1 and shown in Figure 2b are also shown, with outer circles representing uncertainty in position.
Following the afSHRImP procedure, the calculated RMS distance for the molecule depicted in Figure 2a ,b is 18.7 ( 1.7 nm. This is within the uncertainty of the RMS estimation of 17.0 ( 13.4 from a standard SHRImP implementation (Figure 2b ). Performing this comparison on several molecules with stepwise photobleaching trajectories chosen at random reveals that the two SHRImP-based approaches yield quantitatively different RMS values, but in all cases the RMS value obtained via afSHRImP is within the uncertainty of that obtained by standard SHRImP analysis (Table 1) , thus validating that approach. Given the similarity between SHRImP and afSHRImP results and because afSHRImP is appropriate for stepwise trajectories only, standard SHRImP is used in the analysis described below.
C. Correlation between MEH-PPV Photophysics and Conformation. The single chain properties of MEH-PPV are very challenging to ascertain from typical experiments given the molecules' tendency to aggregate. 25, 26 In single molecule studies, MEH-PPV has been seen to assume various conformations in response to its interactions with both its host and solvent. 8À12,27 It has been inferred from polarization modulation depth measurements that when spin-coated from a solution of chloroform into a host polymer matrix, MEH-PPV preferentially adopts a stretched conformation while spin-coating from a solution of toluene leads to preference for a highly ordered, folded conformation. 9 We prepared samples by dissolving MEH-PPV in either toluene or chloroform before spin-coating into a polystyrene matrix. While both types of samples contained MEH-PPV molecules demonstrating both stepwise and continuously decaying intensity trajectories, the proportion of trajectories with stepwise bleaching was high in samples in which toluene was the solvent (for example, Figure 2a ,b) while continuous bleaching trajectories were prevalent when chloroform was used (for example, Figure 2c ,d). As described above, stepwise photobleaching is believed to indicate effective exciton funneling to a few recombination sites as can occur across chains, as would be facilitated through folded conformations. On the other hand, trajectories with higher initial and continuously decreasing intensities are indicative of the presence of many individual emission sites isolated along an extended molecule. 8À12 While intuitively an MEH-PPV molecule in a folded configuration will be more compact than one in a stretched conformation, to the best of our knowledge the actual size distributions of MEH-PPV molecules exhibiting stepwise and continuous photobleaching have not been reported previously. We estimated the size of MEH-PPV molecules demonstrating stepwise photobleaching (prepared from dissolution in toluene) and those with continuous photobleaching (prepared from dissolution in chloroform) projected onto the twodimensional sample plane using SHRImP implemented as depicted in Figure 1 and compared those with estimated sizes as obtained via frame-by-frame FIONA.
RMS distances of the emission sites were calculated for 60 (toluene) and 61 (chloroform) MEH-PPV molecules displaying stepwise and continuous intensity decays as obtained from FIONA and SHRImP (Figure 4 ). If the emission sites are randomly distributed along the MEH-PPV chains, the RMS values are approximately equal to the radius of gyration of the polymers. FIONA yields median RMS distances of 8.2 and 11.9 nm for the stepwise and continuously photobleaching trajectories, 
respectively, suggesting that stepwise trajectories are associated with more compact conformations than continuously bleaching ones. This correlation is made more obvious through SHRImP analysis, where the median RMS distances obtained are 12.6 and 25.3 nm for molecules with stepwise and continuous intensity trajectories, respectively. Though each RMS value obtained via SHRImP has large relative uncertainty (∼10 nm), there is a distinct difference in the peak values of the histograms associated with stepwise and continuously photobleaching molecules. For stepwise trajectories, we also assessed the radius of gyration using afSHRImP. As suggested by Table 1 , because the differences in RMS distance as obtained by standard and afSHRImP are random and within a range near localization accuracy, there is no significant change in size distribution relative to that shown in Figure 4a when using afSHRImP (Supporting Information, Figure S4 ). The ratio of median RMS distance obtained via SHRImP relative to FIONA, R r , is 2.1 for continuously photobleaching trajectories and 1.5 for stepwise ones. The relatively large value of R r for continuously photobleaching molecules is consistent with these molecules having many simultaneously emitting chromophores that FIONA averages over, thus yielding smaller observed positional changes with the photobleaching of a given emitter relative to SHRImP.
Typically 4À6 emission sites were found via SHRImP analysis for stepwise trajectories while 6À12 were found for continuously photobleaching trajectories. To assess whether the RMS distance distributions depend on the number of emission sites, the first five emission sites of MEH-PPV data shown in Figure 4b were used to recalculate the RMS distance distribution for molecules exhibiting continuous photobleaching. For example, the emission sites from 1 to 5 in Figure 2c ,d were used. The result showed that there is no significant difference between the two histograms with all emission sites and the first five emission sites (Supporting Information, Figure S5 ). This implies that the emission sites are distributed randomly in space and bleach randomly in time. We note that while SHRImP is expected to yield better estimates of number and position of emitters than can be achieved via FIONA, for continuously photobleaching trajectories there is likely an under-counting of emitters and residual averaging over multiple emitters. The fact that the RMS distance is not strongly affected by the number of emitters found in the range investigated suggests this does not prevent accurate estimation of molecular extension. Moreover, the fact that the identified emitters on molecules with continuous photobleaching trajectories are distributed widely in space argues against serious undercounting and residual averaging via SHRImP, as in this case a much tighter distribution of emitter positions would be expected.
The average RMS distances obtained via SHRImP are reasonable given that the end-to-end distance of the stretched M w = 168k MEH-PPV molecules used here is ∼417 nm (RMS distance ≈ 120 nm). To estimate the radius of gyration (R g ) of MEH-PPV, a semiflexible polymer, the worm-like chain (WLC) model may be employed. Here, if L c . L p ,
where L c is the stretched length of the polymer and L p is persistence length. 28 L c is estimated by bN, where b is the length of the monomer and N is the number of monomers. We assign b as 0.6455 nm as assessed from the molecular structure (Supporting Information, Figure S6 ), and N is 646 for MEH-PPV molecules with M w = 168 kDa. For MEH-PPV, L p has been approximated as 6.51 and 7.33 nm for toluene and chloroform, respectively. 29 The resulting R g values for the MEH-PPV used in this study are then 26.0 nm (toluene) and 27.5 nm (chloroform). The WLC model thus predicts R g very similar to that measured for the continuously photobleaching MEH-PPV molecules assessed here (prepared from dissolution in chloroform) but suggests no significant difference for the radii of gyration of ARTICLE MEH-PPV prepared from dissolution in toluene and chloroform. This contradicts most single molecule experimental data that do suggest conformation dependence on the solvent. The discrepancy may arise from solvent-dependent tension when MEH-PPV is immobilized in a host matrix during spin coating and/or particular ternary interactions between the conjugated polymer, solvent, and host matrix. 30, 31 More rigorous theoretical models must be developed for accurate inclusion of such effects.
In addition to comparing the radius of gyration of the MEH-PPV molecules with stepwise and continuous photobleaching, the data collected allows determination of distance between nearest emitters. Our analysis is predicated on the presence of multiple simultaneous emitters, as is consistent with the monotonically decaying intensity trajectories analyzed. In this model, assessing distance between nearest identified emitters provides a measure of the exciton migration distance. We find that the median values of the nearest distance between emitters are 9.5 and 11.2 nm for stepwise and continuous trajectories, respectively (Supporting Information, Figure S7 ). The median exciton migration distance would be approximately half this distance or ∼5 nm independent of conformation. This is consistent with previous findings that average exciton migration distance is less than or similar to 10 nm in MEH-PPV. 18, 19, 32 CONCLUSIONS It has previously been inferred that conjugated polymers exhibiting stepwise photobleaching are in folded conformations while those exhibiting continuously photobleaching trajectories are extended. We have prepared and investigated a set of molecules with stepwise and continuous photobleaching behavior and identify emitter positions through single molecule imaging and the super-resolution approach of SHRImP, as well as a variant termed afSHRImP that reduces the uncertainty associated with emitter localization. Using SHRImP rather than the localization microscopy approach of FIONA allows identification of emitter positions in both stepwise and continuous photobleaching trajectories and yields larger estimates of the molecular radius of gyration in reasonable agreement with theoretical predictions. We find molecules with stepwise trajectories are more compact than those with continuous photobleaching, consistent with previous suggestions. We demonstrate the utility of SHRImP for identifying emitter positions and corroborating the correlation between stepwise (continuous) photobleaching and compact (extended) conformation, estimate the radius of gyration of compact and extended MEH-PPV molecules (M w = 168 kDa) as 12.6 and 25.3 nm, respectively, and provide an estimate of ∼10 nm for the distance between recombination sites.
METHODS
MEH-PPV was synthesized following a previously described protocol. 33 The resultant MEH-PPV had M w = 168 kDa with PDI = 2.1 with a single-peak trace on a gel-permeation chromatograph. For single-molecule measurements, MEH-PPV was diluted in ∼4 wt % polystyrene (PS, Polymer Source, M w = 6.4 kDa, PDI = 1.05) with toluene or chloroform as the solvent. These solutions were spin-coated at 2000 rpm onto glass slides resulting in ∼200 nm thick films as measured via atomic force microscopy. The concentration of MEH-PPV in the solutions was ∼10 À11 M to ensure that the average separation between CPs in the prepared film was greater than 1 μm. Experiments were performed on a home-built microscope in epi-fluorescence configuration with 532 nm wavelength excitation. An oil objective lens (60Â, NA = 1.45) and additional magnification of ∼1.5Â resulted in a pixel size of 92.5 nm/pixel. The sample was illuminated with a power density of ∼160 W/cm 2 , and images were collected at a frame rate of 0.2 s on an EMCCD camera (Andor iXon DV-855). Resultant movies were analyzed using routines written in IDL and Python, the details of which are described in the main text. Because it is not trivial to correct sample drift in SHRImP analysis, only movies with drift below localization accuracy were subjected to further analysis. Drift assessment and correction is discussed in the Supporting Information.
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